MULTI-BIT PHASE CHANGE MEMORY CELL AND MULTI-BIT PHASE 
CHANGE MEMORY INCLUDING THE SAME, METHOD OF FORMING A 
MULTI-BIT PHASE CHANGE MEMORY, AND METHOD OF PROGRAMMING A 
MULTI-BIT PHASE CHANGE MEMORY 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates to memory devices that 
can store more than one bit per memory cell. 

2 . Description of the Related Art 

In conventional single-bit per cell memory devices, the 
memory cell assumes one of two information storage states, 
either an "on" state or an "off" state. This combination of 
either "on" or "off" defines one bit of information. A 
memory device using such single-bit cells to store n bits of 
data (n being an integer greater than 0) thus requires n 
separate memory cells. 

Increasing the number of bits which can be stored in a 
single-bit per cell memory device involves increasing the 
number of memory cells on a one-for-one basis with the 
number of bits of data to be stored. Methods for increasing 
the number of memory cells in a single memory device have 
relied upon advanced manufacturing techniques that produce 
larger chips containing more memory cells or that produce 



YOR920030368US1 (8728-643) -1- 



smaller memory cells (e.g., by high resolution lithography) 
to allow more memory cells to be placed in a given area on a 
single chip. 

An alternative to the single-bit per cell approach 
involves storing multiple bits of data in a single memory 
cell. Previous approaches to implementing multiple-bit per 
cell non-volatile memory devices have typically involved 
mask-programmable read only memories (ROMs) . In one of these 
approaches, the channel width and/or length of the memory 
cell is varied such that 2" different conductivity values 
are obtained which correspond to 2^ different states, 
whereby n bits of data can be stored by a single memory 
cell. In another approach, the ion implant for the threshold 
voltage is varied such that the memory cell will have 2^ 
different voltage thresholds (Vt) corresponding to 2" 
different conductivity levels corresponding to 2" different 
states, whereby n bits of data can be stored by a single 
memory cell. 

Electrically alterable non-volatile memory (EANVM) 
devices capable of storing multiple bits pf data per cell 
are also known. In these devices, the multiple memory states 
of the cell are demarcated by predetermined reference signal 
levels that define boundaries between adjacent memory 
states. The memory cell is read out by comparing a signal 
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from the cell with the reference signals to determine the 
relative levels of the cell signal and the reference 
signals. The comparison results indicate whether the cell 
signal level is above or below the respective memory state 
boundaries, and thus collectively indicate the programmed 
state of the cell corresponding to the stored data. The 
comparison results are encoded to reproduce the stored data 
and complete the cell readout operation. Generally speaking, 
the number of reference levels required to demarcate n 
memory states for storing n bits of data is 2"**^. The number 
may be greater if, for example, the uppermost or lowermost 
memory state is to be bounded on both sides. 

Conventional nonvolatile multilevel memories have many 
disadvantages, particularly at the circuit and architectural 
levels. Conventional multi-level memories require a large 
amount of wiring for reading and sensing the n number of bit 
per cell. The conventional multilevel approaches also have 
penalties on sensing speed, control complexity, and 
reliability. This is because the multilevel memories 
require very tightly programmed cell threshold voltage 
control. Furthermore, a high program voltage is needed to 
cover the wide threshold voltage range. Thus, some of the 
cells have to endure the high program voltages while 
maintaining their threshold voltages. 
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A need exists for a multi-bit memory cell that is 
simpler and that can be programmed with higher reliability 
compared to the conventional multi-bit memory cells. 

SUMMARY OF THE INVENTION 

An aspect of the present invention is to provide a 
memory cell that can store more than one bit. 

Another aspect of the present invention is to provide a 
multi-bit memory cell having a simple structure with a 
minimal amount of wiring. 

Another aspect of the present invention is to provide a 
multi-bit memory cell that can be easily and reliably 
programmed. 

A multi-bit phase change memory cell according to an 
exemplary embodiment of the invention includes a stack of a 
plurality of conductive layers and a plurality of phase 
change material layers, each of the phase change material 
layers disposed between a corresponding pair of conductive 
layers and having electrical resistances that are different 
from one another. 

In at least one embodiment of the invention, the phase 
change material layers are made of Ge2Sb2Te5. 

A method of forming a multi-bit phase change memory 
cell according to the invention includes forming a stack of 
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a plurality of phase change material layers and a plurality 
of conductive layers, each of the phase change material 
layers disposed between a corresponding pair of conductive 
layers and having electrical resistances that are different 
from one another. 

A method of forming a multi-bit phase change memory 
cell according to at least one embodiment of the invention 
further includes forming a dielectric layer between a first 
outer conductive layer and a second outer conductive layer 
and at sides of a plurality of intermediate conductive 
layers and the plurality of phase change material layers. 
The step of forming a dielectric layer includes forming a 
mask over the first outer conductive layer and etching the 
first outer conductive layer and a phase change material 
layer directly below the first outer conductive layer using 
the mask. First dielectric spacers are formed on sides of 
the mask, the first outer conductive layer and the phase 
change material layer directly below the first outer 
conductive layer. At least one intermediate conductive 
layer and a phase change material layer directly below the 
at least one intermediate layer are etched using the mask 
and first dielectric spacers as an etchant mask. Second 
dielectric spacers are formed on sides of the first 
dielectric spacers, the at least one intermediate conductive 
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layer and the phase change material layer below the at least 
one intermediate conductive layer. 

A multi-bit phase change memory according to an 
exemplary embodiment of the invention includes an array of 
multi-bit phase change memory cells. Each of the multi-bit 
phase change memory cells include a stack of a plurality of 
conductive layers and a plurality of phase change material 
layers, each of the phase change material layers disposed 
between a corresponding pair of conductive layers and having 
electrical resistances that are different from one another. 
A programming circuit writes data to the array of multi-bit 
phase change memory cells. A sensing circuit reads out data 
from the array of multi-bit phase change memory cells. 

A method of programming a multi-bit phase change memory 
cell according to an exemplary embodiment of the invention 
includes phase changing at least one phase change material 
layer of the multi-bit phase change memory cell to change 
the overall resistance of the multi-bit phase change memory 
cell to one of 2^ number of resistances, where n is the 
number of bits stored in the memory cell. 

In a method of programming a multi-bit phase change 
memory cell according to at least one embodiment of the 
invention, the step of phase changing includes inputting a 
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current pulse to the at least one phase change material 
layer. 

These and other objects and features of the present 
invention will become apparent from the following detailed 
description of illustrative embodiments thereof, which is to 
be read in connection with the accompanying drawings, 

BRIEF DESCRIPTION OF DRAWINGS 

The invention will be described in detail in the 

following description of preferred embodiments with 

reference to the following figures wherein: 

Fig. 1 shows a multi-bit phase change memory cell 

according to an embodiment of the inventions- 
Fig. 2 is a cross-sectional view of a multi-bit phase 

change memory cell according an embodiment of the invention; 

and 

Figs. 3-14 are cross-sectional views showing steps of a 
method of forming a multi-bit phase change memory cell 
according to an embodiment of the invention. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

In various exemplary embodiments, the multi-bit memory 
cell according to the invention includes 2" phase change 
material layers, where n is the number of bits per cell. 
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Conductive layers are disposed at the top and bottom of the 
cell and between individual phase change material layers. 
Multi-bit storage in the memory cell is obtained by 
crystallizing various phase change material layers. The 
phase change material layers can be crystallized by 
resistive heating of the phase change material layers. 

Fig. 1 shows a multi-bit phase change memory 100 
according to an exemplary embodiment of the invention. The 
multi-bit phase change memory includes a plurality of phase 
change memory cells 1 arranged in an array, a programming 
circuit 200, and a sensing circuit 300. 

Fig. 2 is a cross-sectional view of a multi-bit memory 
cell used in the multi-bit phase change memory 100 according 
to an exemplary embodiment of the invention. The multi-bit 
memory cell 1 includes first through fourth phase change 
material layers 15, 25, 35 and 45, respectively. The 
multi-bit memory cell 1 according to the present embodiment 
can store 2 bits. It should be appreciated that in other 
embodiments of the invention the multi-bit memory cell can 
have any number of phase change material layers depending on 
the number of bits to be stored at each cell. Specifically, 
a multi-bit memory cell according to various exemplary 
embodiments of the invention includes 2" phase change 
material layers, where n is the number of bits per cell. 



YOR920030368US1 (8728-643) 



-8- 



The phase change material layers can be made of any suitable 
phase change material, such as, for example, Ge2Sb2Te5 (GST) 
orSbaTea. A first conductive layer 10 is disposed below the 
first phase change material layer 15, a second conductive 
layer 20 is disposed between the first and second phase 
change material layers 15 and 25, a third conductive layer 
30 is disposed between the second and third phase change 
material layers 25 and 35, a fourth conductive layer 40 is 
disposed between the third and fourth phase change material 
layer 35 and 45, and a fifth conductive layer 50 is disposed 
over the fourth phase change material layer 45. The first 
conductive layer 10 is also a first outer conductive layer 
and the fifth conductive layer 50 is also a second outer 
conductive layer. The second through fourth conductive 
layers 20, 30 and 40 are also intermediate conductive 
layers. The conductive layers 10, 20, 30, 40 and 50 can be 
made of any suitable conductive material, such as, for 
example, TiN, W, TiW, Ta, TaN, Ti, Al, Cu, and Pt. 

The first through fourth phase change material layers 
15, 25, 35 and 45 have respective resistances Rl, R2, R3 and 
R4 . The resistances Rl, R2, R3 and R4 have a direct 
relationship with the heights LI, L2, L3 and L4 and the 
resistivities pi, p2, p3 and p4 of the first through fourth 
phase change material layers 15, 25, 35 and 45, and an 
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inverse relationship with the cross sectional surface areas 
Al, A2, A3 and A4 of the first through fourth phase change 
material layers 15, 25, 35 and 45. When the phase change 
material layers are in the amorphous state, pl=p2=p3=p4 and 
thus the difference between the resistances Rl, R2, R3 and 
R4 can be set by adjusting the heights LI, L2, L3 and L4 and 
cross-sectional areas Al, A2, A3 and A4 of the first through 
fourth phase change material layers 15, 25, 35 and 45. In 
the present embodiment, the resistances Rl, R2, R3 and R4 
are set such that R1>R2>R3>R4 by making L1>L2>L3>L4 and 
A1<A2<A3<A4. In at least one embodiment, the heights LI, 
L2, L3 and L4 and the areas Al, A2, A3 and A4 are set such 
that R1/R2=R2/R3=R3/R4=1.5. 

It should be appreciated that in other embodiments of 
the invention, the phase change material layers can be 
formed of different materials to provide the phase change 
material layers with different resistances. Also, in other 
embodiments, the phase change material layers can be doped 
with different levels of dopant to provide different 
resistances at each layer. For example, in exemplary 
embodiments of the invention, phase change material layers 
made of GST can be doped with nitrogen to change the 
resistivity, and thus the resistance, of the phase change 
material at each level. In still other embodiments, a 
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combination of different layer materials, layer dimensions 
and levels of doping can be used to make the resistance 
and/or phase transition temperature of each phase change 
material layer different from one another. 

Each of the phase change material layers 15, 25, 35 and 
45 have a respective crystallization temperature Tel, Tc2, 
Tc3 and Tc4 . In operation, the phase change layers 15, 25, 
35 and 45 are initially in an amorphous, or RESET, state. 

The programming circuit 200 inputs a current pulse to a 
respective multi-bit phase change memory cell 1 as binary 
data is read into the multi-bit phase change memory 100. 
The programming circuit 200 can be any suitable circuit that 
generates a current pulse with varying current value and/or 
pulse length in response to binary data to be read into the 
multi-bit phase change memory 100. A current pulse passes 
through a respective multi-bit memory cell 1 and generates 
I^R (Joule heating) heat in the phase change material layers 
15, 25, 35 and 45 of the memory cell 1. The current value 
and/or pulse length of the current pulse for each memory 
cell 1 is determined based on which one of the phase change 
material layers in the memory cell 1 is chosen to be phase 
changed from an amorphous to a crystalline state. In the 
present embodiment, one of four current values and/or pulse 
lengths are chosen depending on which phase change material 
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layer (s) is to be phase-changed. The phase change material 

layer (s) to be phase changed is determined by the binary 
data to be stored in the memory cell 1. 

The resistive heating that takes place in the phase 
change memory cell 1 will crystallize a predetermined number 
of phase change material layers. The resistive heating will 
raise the temperature of the predetermined number of phase 
change material layers to above their crystallization 
temperature, but not higher than their melting temperature. 
Preferably, the temperature of the predetermined number of 
phase change material layers should be raised to 
approximately one half their melting temperature. As an 
example, if only the fourth phase change material layer 45 
is required to be phase changed, the programming circuit 
will input one of the four possible current pulses that will 
generate enough resistive heating to raise the temperature 
of the fourth phase change material layer to above its 
crystallization temperature Tc4 . The current value and/or 
pulse length of the current pulse required to raise the 
temperature of the fourth phase change material layer 45 to 
above Tc4 is less than that required to raise the 
temperature of the other phase change material layers to 
above their respective crystallization temperatures. This 
is because the fourth phase change material layer 45 has a 
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higher resistance compared to the other phase change 
material layers, so that more resistive heating is generated 
in the fourth phase change material layer 45 with the same 
current pulse. 

Raising the temperature of the fourth phase change 
material layer 45 to above Tc4 will crystallize the fourth 
phase change material layer 45, thereby lowering its 
resistivity. After crystallization, two situations may occur 
depending on the dynamics of the crystallization process: 
(1) the resistivity of the fourth phase change material 
layer 45 will become p4', where p4'< p3=p2=pl, which will 
render R3=R4, or (2) the resistivity of the fourth phase 
change material layer 45 will become p4', where p4'<< 
p3=p2=pl, which will render R4 « R3. In either case, the 
total resistance of the memory cell 1 will go to a well 
defined state after crystallization of the fourth phase 
change material layer 45. 

In the present embodiment of the invention, the storage 
of multi-bit information is acheived by inputing one of four 
possible current pulses to a respective memory cell 1 to 
crystallize a predetermined number of the four phase change 
material layers within the memory cell 1. 

In a RESET operation, the programming circuit 200 
generates a current pulse sufficient to generate enough 
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resisive heating in the phase change memory cells 1 to raise 
the temperature of the phase change material layers to above 
their melting temperatures. After all the phase change 
material layers have melted, the phase change memory 100 is 
reset such that pl=p2=p3=p4 and R1>R2>R3>R4. 

The sensing circuit 300 read out the data programmed 
into the multi-bit phase change memory 100. The sensing 
circuit 300 can be any suitable circuit that can sense 
resistance. The sensing circuit senses the total resistance 
of each of the memory cells 1 and determines the binary data 
based on the sensed total resistances. In the present 
embodiment, the sensing circuit 300 will sense one of four 
total resistances for each memory cell 1, each one of the 
resistances corresponding to a binary data state. 

Figs. 3-14 are cross-sectional views showing steps of a 
method for forming a multi-bit memory cell according to an 
exemplary embodiment of the invention. As shown in Fig. 3, 
a stack of conductive layers 10, 20, 30, 40 and 55 and phase 
change material layers 15, 25, 35 and 45 disposed between 
corresponding phase change material layers is formed. The 
first through fourth phase change material layers 15, 25, 35 
and 45 have respective heights LI, L2, L3 and L4, and 
L1<L2<L3<L4. The first through fourth conductive layers 10, 
20, 30 and 40, the top conductive layer 55 and the phase 
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change material layers 15, 25, 35 and 45 can be formed over 
one another using any suitable technique, such as, for 
example, chemical vapor deposition. 

As shown in Fig. 4, a hard mask 102 is formed over the 
top conductive layer 55. The hard mask 102 is formed by 
depositing a mask layer over the top conductive layer 55 and 
patterning the hard mask layer. The hard mask 102 can be 
made of any suitable material, such as, for example, silicon 
nitride. The hard mask 102 is formed over a central portion 
of the top conductive layer 55. 

As shown in Fig. 5, the hard mask 102 is used to etch 
the top conductive layer 55 and the fourth phase change 
material layer 45. A two-step etch process is preferable to 
allow the etchant to stop at the fourth conductive layer 40. 

As shown in Fig. 6, first dielectric spacers 104 are 
formed on both sides of the hard mask 102, the top 
conductive layer 55 and the fourth phase change material 
layer 45. The first dielectric spacers 104 are formed by 
depositing a dielectric layer over the hard mask 102, the 
top conductive layer 55, the fourth phase change material 
layer 45, and the fourth conductive layer 40, and then 
anisotropically etching the dielectric layer. The 
dielectric spacers 104 can be made of any suitable material, 
such as, for example, silicon dioxide. 
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As shown in Fig. 1, the fourth conductive layer 40 and 
the third phase change material layer 35 are etched using 
the hard mask 102 and the first dielectric spacers 104 as an 
etch mask. As a result, the third phase change material 
layer 35 is etched to a wider width W3 than the width W4 of 
the fourth phase change material layer 45. 

As shown in Fig. 8, second dielectric spacers 106 are 
formed on sides of the first dielectric spacers 104. The 
second dielectric spacers 106 are formed by depositing a 
dielectric layer over the hard mask 102, the first 
dielectric spacers 104, and the third conductive layer 30, 
and anisotropically etching the dielectric layer. 

As shown in Fig. 9, the third conductive layer 30 and 
the second phase change material layer 25 are etched using 
the hard mask 102 and the second dielectric spacers 106 as 
an etchant mask. As a result, the second phase change 
material layer 25 is etched to a wider width W2 than the 
width W3 of the third phase change material layer 35 and the 
width W4 of the fourth phase change material layer 45. 

As shown in Fig. 10, third dielectric spacers 108 are 
formed on sides of the second dielectric spacers 106. The 
thid dielectric spacers 108 are formed by depositing a 
dielectric layer over the hard mask 102, the second 
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dielectric spacers 106 and the second conductive layer 20, 
and anisotropically etching the dielectric layer. 

As shown in Fig. 11, the second conductive layer 20 and 
the first phase change material layer 15 are etched using 
the hard mask and the third dielectric spacers 108 as an 
etch mask. As a result, the first phase change material 
layer 15 is etched to a width Wl wider than the width W2 of 
the second phase change material layer 25, the width W3 of 
the third phase change material layer 35 and the width W4 of 
the fourth phase change material layer 45. 

As shown in Fig. 12, an isolation dielectric layer 110 
is formed over the third dielectric spacers 108 and the 
first conductive layer 10. The isolation dielectric layer 
110 is formed by depositing a dielectric layer over the 
third dielectric spacers 108 and first conductive layer 10, 
and polising the dielectric layer to be flush with the hard 
mask 102. The dielectric layer can be polished using any 
suitable technique, such as, for example, 
chemical-mechanical polishing . 

As shown in Fig. 13, the hard mask 102 is removed to 
form an opening 112 above the top conductive layer 55. The 
hard mask 102 can be removed using any suitable process, 
such as, for example, dry etching. 
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As shown in Fig. 14, a fifth conductive layer 50 is 
formed over the isolation dielectric layer 110. The fifth 
conductive layer 50 is formed by depositing a conductive 
layer over the isolation dielectric 110 and within the 
opening 112. The deposited conductive layer and the top 
conductive layer 55 form the fifth conductive layer 50 of 
the completed memory cell 1, 

Although the illustrative embodiments have been 
described herein with reference to the accompanying 
drawings, it is to be understood that the present invention 
and method are not limited to those precise embodiments, and 
that various other changes and modifications may be affected 
therein by one of ordinary skill in the related art without 
departing from the scope or spirit of the invention. All 
such changes and modifications are intended to be included 
within the scope of the invention as defined by the appended 
claims . 
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